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? KDP?pKD*P?KDP : KH2xD2(1-x)PO4???????????????? 
? ????????????????????????????????????????????
?????????????????????????? 1.1 ?????????????????
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? BBO??-Barium Borate:?-BaB2O4?? LBO?Lithium Triborate: LiB3O5?????????????








? 60 %?? 527 nm??????? 500 nm???????????????????????????
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??????? 50 cm???? 20 mm/day??????[36, 37]????KDP???????? 1985
? P. F. Bordui???????????????[38, 39]???????? 31??? 41???????
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? 1.2? pKD*P???????????????????????????? [24] 
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????????????????????????????????? 24 ????????? 12 ?? 8
????????????? 16????????? 4?? 4??? 24????????? 8?? 6???
??????????4???8???????2?????6??12???????????12???2






























Aluminum Perovskite : YAlO3??YAM?Yttrium Aluminum Monoclinic : Y4Al2O9??????[20-22]?YAM?YAP
?????????????????????????YAM?YAP??????YAG?????????
???????2.3????????????????????????????????????????
?????????????? [21, 22]? 
    
? ? ? ? ?2.1? YAG???????? ? ? ? ? ? ? ? ? ? ? ? ? ?2.2? ??????? 
? ? ? ? ? ? ? ?????????  
? ? ? ? ? ? ? ?????????  
? ? ? ? ? ? ? ???? 
?2.1? ????????? [19] 
 
???? ??? YAG??????????? 






































?2.3 ? Y2O3 – Al2O3??? [20] 
   ? ?  G?YAG?M?YAM? P?YAP???? 
?2.3? YAG??????? [23] 
 
?2.2? YAG?????? [21, 22] 
 
???? ??? YAG??????????? 






































     ? ? ? ?  
? ?2.4? CZ????YAG              ? ? ?2.5? CZ???????????  
? ? ?    ?????????? [28]           ? ?  YAG??? [28]?  
? ?       ? ? ? ? ? ?  
     ?2.6? CZ??????????YAG??????????????? [28]? ? ?  
? ? ?       ???????????????????? 
???? ??? YAG??????????? 
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 ?2.7? YAG???????????????? [32] 
???? ??? YAG??????????? 















? 1.? ???????????????????? 
? 2.? ???????????????????? 
? 3.? ?????????????????????????????????????????? 
? ? ? ???????????????????????? 
? 4.? ??????????????????????????????????????????  
? 5.? ???????????????????? 
? 6.? ??????????????? 
? 7.? ??????????????? 
? 8.? ?????????????????? 
? 9.? ???????????????????? 
? 10.? ??????????????????????????Cr:YAG?? 











? ?2.8????????????????????????( I )???????????????????
?2.4? ???????????? 
 
???? ??? YAG??????????? 

















? ????????????????????? Lambert-Beer ????????????????????








    
! 





















?2.8? ????????????????? [34] 
    ?2.9? ????????????????? 
? ? ?    ?? [34]? ????????????? 
? ? ?   ??????? 
???? ??? YAG??????????? 
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?? ? ? ????????
?? ? ? ? ????????
???? ??? YAG??????????? 






































???? ??? YAG??????????? 
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5 Al2O3 + 3 Y2O3 ?? 2 Y3Al5O12    ? ? ?   (2.5) 
Al2O3 + Y2O3 ?? 2 YAlO3    ? ? ? ?   ?  (2.6) 
5 Al2O3 + 2 Y2O3 ?? Y4Al2O9   ? ? ?  ?   (2.7) 
2 Y3Al5O12 + 2 Y2O3 ?? 10 YAlO3   ? ?    (2.8) 

































???? ??? YAG??????????? 







? ? ? ???? 
? ? ? M(OR)n + H2O ? M(OR)n-1(OH) + ROH 
? ? ? M(OR)n-1(OH) + H2O ?? M(OR)n-2(OH)2 + ROH 
 
? ? ? ????? 
 ? ? ? ? ????          M(OR)n-1(OH) + M(OR)n-1(OH) ? n-1(RO)M-O-M(RO)n-1 +  H2O 
 ? ? ? ? ????????  M(OR)n+ M(OR)n-1(OH) ? n-1(RO)M-O-M(RO)n-1  +  ROH 
 























???? ??? YAG??????????? 








































???? ??? YAG??????????? 







































???? ??? YAG??????????? 









































dl( )2  
     
! 





+ , $ # %    
! 





  ?2.11? ?????????? 
? ? ?     ?????? [34] 
???? ??? YAG??????????? 





"F = "PV                                        (2.11) 
 
????????????????????????????????????????????????

































?2.12? ???????????? [34] 
???? ??? YAG??????????? 
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?2.14? ???????????????? [37] 
? ?  
? ? ? ? ??? ???????????? ? ? ? ? ? ? ??? ???????????
?2.13? ??????????????? [35] 
???? ??? YAG??????????? 



































?? ? ? ??????????????
? ???????????????????????????????????????????????
?????2.6??????????????????????????????????? 
???? ??? YAG??????????? 














?? ? ? ???????????????????























    ?2.15? ???YAG??????????????????? 
            ????????????????????????? 
???? ??? YAG??????????? 
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?? ? ? ?????? ??????????
? ?????????????????????????????????YAG?????????
































































? 2.16? Al?Y?????? NH4HCO3????? pH??????? 
???? ??? YAG??????????? 
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? ???????????????????????Al????Y????????????????
Al?Y?????????????????????? 0.22 mol/????? 0.13 mol/????????
??????? NH4HCO3????? pH ??????????????????? 2.17 ?????
























           pMn+ = -log[Mn+]? ? ? ? ? ? ? ? ? ? (2.12) 
 
3?????? pH?? 3???????????????????? 
? Al?????Al(NO3)3?9H2O??????????????[Al(OH2)6]3+????????????
????????????????? Al3+????????????????????pH?? 4??
????????????????????????????????? pH ? 4 ??????
[Al(OH2)6]3+????????????????????????????????????????
??? 





























































   ? 2.17? Al??????? Y??????? NH4HCO3????? pH??????? 
???? ??? YAG??????????? 
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 Al(OH)3 ? HAlO2-  + H+?             (2.13) 
 
??????? 2.20????????????????????????????????????












? ???????????????????Al?Y?????? Y? pH??? 6.2?? 2.17???
? NH4HCO3??????????????(2.13)??? Al(OH)3????????????NH4HCO3
???? pH?? 6.2????????????????? Al???? Y????????????
 
? 2.18? ?????????????? 
? ? ? ? ???pMn+= -log[Mn+]?? pH? 
? ? ? ? ?? [38] 
 
? 2.20? Al??????????? Al3+? 
  HAlO-??? pH????  
 
? 2.19? ?????????????? pH?  
???? ??? YAG??????????? 
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?????????????????????????0.4 mg?????2.0?10-4 mol/???????
ICP??????? Al???? Y???????????????? 2.7????????? Al?
















? ????? pH ???????????????????????????????Al?Y ???
????????????????? 0.35 mol/?????????????????? 0.7 mol/g?YAG




???20000 rpm? 1???????????????????? DST?????????? 
? ? 2.21????????????? 1.5 µS/cm???????????????????????
??? pH?????????????????5 g? YAG???????? 225 m?????????









 ? 2.21? ???????????? pH??? 















???? ??? YAG??????????? 
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???????? pH???? pH?????????????????? 25 g?????????








? ?????????????????Al? 5?????? pH??? Y? 8.7?? pH??? Y?
0.1??YAG???? 3??????????????????pH??????? Y????pH?
????? Al??????????????????? Y?Al???????????????? 
??????????????????? pH ????????????????????????
???????????????????????[82]?? 2.22? Y?Al????????????
??????????????? pH???? Y??????????? Y???????????
?????????????????????????????????????????????
??? Y?????????????????????? pH?????Al???????????















? pH???????????????????????????????? pH?? 7.0?????
? 2.8? ICP??????????? Al?Y???????? 
 
 
? 2.22? Y?Al???????????????  
???? ??? YAG??????????? 
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???????????????????????????????????? pH????? pH?
7.2???????????? pH?????????????????????????? 
? ????????pH? 6.2 ?????????????????? pH?? 7.2 ????????
????????????? 
 
?? ? ? ? ???????????
? ??? NH4HCO3??????????????????????????? pH?? 6.2????
? 2 ml/min?????????????????????????????????? 35?????
?????????????????????????????????????????????
?????? SEM??? 2.23??X????????? 2.24????SEM???????????















































































? 2.24? ????????????????? X?????????? 
???? ??? YAG??????????? 
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? X??????? Cu-K???50 kV, 200 mA???????????(2?)? 20?80???????






?? ? ? ? ???????????????
? ??????????????????????????????????pH?? 6.2?????
????? 90 m?????? 1m?/min?3 m?/min???????????????????????
?????????????????????? 























??????? 1 m?/min?3 m?/min????????????????? 100 nm????????
????????????? 1 m?/min??????50 nm????????????????????
X??????????????????????????????????????? 
 









































? 2.26? ??????????????????? X?????????? 
 
???? ??? YAG??????????? 
 
- 32 - 
?? ? ? ? ??????????
? ??????????????????????????pH?? 6.2 ????? 2 m?/min???
??????????????????? 15 ??35 ??50 ?????????????? pH??
???? 2.27????????????? pH????? 2.28???? 
? Al ????????? pH ????????????????? pH ?????????????
??????Y ????????? pH ???????????????????????????


























??????????15 ??? 50 ~ 80 nm?35 ??? 100 nm????????50 ???????



















?? ????  
 ?  ? 2.27? ?????????????? 













? ? ? 2.28? ???????????????  
? ? ? ? ? ? ????????? pH??? 
 
? 2.29? ???????????????? SEM? 
???? ??? YAG??????????? 
 














?? ? ? ? ????????????????
? ???????(NH4)2SO4???? SO42-????????????????Fe? Y???????
??????????????[83-85]?????? Al?Y???????????????????
?? YAG 1 g???? 0?0.35?0.70?1.40 mol???????????????????????pH
?? 6.2????? 2 m?/min??????? 90 m????????????????? pH????
2.31?????????????????????????????? 90 m???????? pH??
6.2???????????????????????????? 2.31 ??? pH?????????
??? 90 m??????????? pH?? 4.5????????????????????? pH?
? 6.2???????? 













???????????????? 2.32 ??????????? ????? pH ?????????????









































? 2.30? ???????????????? X??????? 
? 2.32? ??????????????? 





















? 2.31? ?????????????? 
















???? ??? YAG??????????? 
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??????????????????????? 
? ???????? SEM??? 2.33??X????????? 2.34??????????????
??????????????????X??????????????????????????
???? 4??????????????????????????????????? 50 nm??
?????????????????????????????????????????(NH4)2SO4







































































?? ?? ?? ?? ?? ?? ??
????
??? ?????  
? 2.34? (NH4)2SO4????????? X?????????? 
???? ??? YAG??????????? 
 







?????????????????[83]?????????(NH4)2SO4????????? YAG 1 g
???? 0.70 mol????????????????? 
 
?? ? ? ? ????????????

















?? ? ? ? ??????????? ?????????
? ???????????YAG????????????YAG?????????????????
??????????????????????? 
? ????????????? YAG???????? X????????????????????
????? 0.7 mol/g?YAG??????????????????????????900??1400???? 100?
?????????????????????????????????????????????
????? 4???????? 150?/h?????? 
? ??????????X??? CuK?????????? 50 kV / 300 mA?????? 2??20?
40????????????????? 4.000?/min????????? 0.010??????????
?? 2.35????1000???????????????????????????????1000??
? 2.9? ???????????????????????? 
 
???? ??? YAG??????????? 
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?????????????????????????????????????????????
?????????1100?????????????? YAM ??????? YAG ???????





















????????????1100 ?????? 1200 ?????????????? 
? ????????????????????????????????????????????
??????1m?/min ??????????????? ????????????????1100 ??1200 ?
??????????100 ?/h?300 ?/h? 2????????1???2???4????????
?????????????YAG????????????X??????????? 2?= 33.3?
??????????????????????????????????? 



















? ? ? ?
 



















????? ???  
? ? 2.36? ?????? 2?= 33.3??? ? ? ?      
          ???????? 
? 2.10? X????????????? 2?= 33.3????????
 
???? ??? YAG??????????? 
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? SEM??? 2.37??????????????????????????? 2.10???????































? ????????? 2.36??????????????????? 100?200 nm????????
????????????????????????????????????? 1200 ?????




? 2.37? ??????? YAG??????? 
???? ??? YAG??????????? 
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????????? SEM?????????????????????X???????? 2?= 33.3?



























???? 100 nm????? 150 nm?????????????????????X???????
???????????????????? 2.11??????????????????SO4 ???
? 0.35mol /g?YAG????????????????????????????????????







? 2.38? ???? 1200 ?????? 300 ?/h?????? 1????? 
? ? ? ? ??????? SEM???????????? 2.9????? 
???? ??? YAG??????????? 
 























?? ? ? ? ??????????????
? YAG?????????????????????YAG???????????????????
??????????????pH ??????????????????????? pH ?????
???? Y ??????? Al ???????????????????????????????
?????????????????? pH??????????????????????????
????????????????????????????????Y?Al??????????
???????????????????????????????????????? pH ? 6.2
??????????? pH? 7.2??????????????? 








? 2.39? ????? X????????????? 
? 2.11? ???????????????????????? YAG??????? 
 
???? ??? YAG??????????? 
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?????????????X ????????????????? 1100??1200????????
?????????????????????????????????????????????
????????????????? 1200 ???????????????????????? 
?  
?? ? ? ??????????????????





? ???????? YAG??? YAG?????? 2.0 wt%????????? SiO2???????
???????20?????????800 W 28 kHz, 40 kHz?????????????? 
? ???????????????????? 200?75 ?m????????????? 
? ????????????????????????, ???? 
? ?????????? 
? ???????????????????????11 mm??200??????????????
0.86 ????????????????????????????? 75 rpm? 1?????? 
? ???????????????300?300?30 mm??????????????????3??
????? 


















? 2.40? ??????????????????? 
???? ??? YAG??????????? 
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?? ? ? ? ???????  
? ???????????????????????????????????????????Ce?
?????1 mol%? Ce:YAG???????Ce???????Ce???????????????
????????????Ce3+???????1.14? [90]?????? Y3+???????1.02 ? [90]?
?????????????????????????????????????????????
??????????????? 62.8 %?54.3 %?49.2 %????????????? YAG????













? 62.8 %?54.3 %?????????????????????????????????????
?????????????????????????????????????62.8 %??????
?????????????? 
? ????????????????????62.8 %?54.3 %??????????????????
?????????????????????????????????????????????
????????1750???????10 ????????100?/h???????????????
??????? 10-3 Pa?????????????????????????? 2.42???????
??? 54.3 %?49.2 %???????????????????????????????????
? 62.8 %?????????????????????????????????????????
































? 2.42? ????????????????????????? 
???? ??? YAG??????????? 























?? ? ? ? ???????? 
? ???? SiO2? YAG??????????????????????????????? 1 mol% 
Ce:YAG???????SiO2? YAG???? 0.2 wt%?0.4 wt%?????????????????
?????????????????? ? ? ??????????????????????????
2.44 ?????? SiO2??????????SiO2? 0.2 wt%???????????????? 0.4 

































? 2.44? ??? Si02?????????????????? 
???? ??? YAG??????????? 
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? ??????1270 ??2???????????????????????????? 2.45????
?????????SiO2???????????????????? 0 wt%???? 5?20 µm?0.2 wt%























?? ? ? ? ???????????
? ?????????????????????????????????????? YAG ? 1 
mol% Ce:YAG??????????????????? Ce??????????????????
????Yb??????10 mol% Yb:YAG????????Ce3+?Yb3+????? Y???????
????YAG??????????????? Yb3+???????0.99 ??? Y????????
????Y??????? [90]? 
? ??????????????Al?Y?Yb?Ce ??????????????????Al ???
???? Y????? Y? Ce??????? Y? Yb????????????????????
???????????????? ? ? ???????? 
? ?????????????????? 2.46????Yb:YAG? 900?1000 nm???? Yb3+??
????????????????????Al?????????????? Y?????????
????? 2.3???????????????????2.9? 36.25 mol%?3.1? 38.75 mol%????
 
? 2.45? ??????????????????????? 
 
???? ??? YAG??????????? 
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??????? Y?????????????????????????????????????






























? Ce:YAG ?????????????????????????????????????Y ??
? 2.7?3.0?Al??????????? 2.48????????????????????????Y
??????????Y ??? 3.0 ?????????????????????????????
??????????????????Y??? 3.1?3.6?Y??????????? 2.49????
???Y????????????????????????????Al????????????
??????????????????Y ??? 3.2 ???????????????????Y ?















































































? ? ? ? ? ? 2.46? Y:Al??????????????? YAG? 
? ? ? ? ? ? ? ? ? 10 mol%Yb:YAG?1 mol%Ce:YAG???????? 
 
        ? 2.47?  Y:Al??????????????? YAG? 
? ? ? ?          10 mol%Yb:YAG?1 mol%Ce:YAG???????? 
 
???? ??? YAG??????????? 





































? ????????Y ??? 2.8 ????Y??? 3.3 ????????? 2.50? Y ??? 2.8?Al
 
? 2.48? Al????????????? 
 
? 2.49? Y????????????? 
???? ??? YAG??????????? 
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??????????????? 2.51? Y??? 3.3?Y???????????????????
?????????? IMG? SEM???????????Al?Y?Si?Ce????? X?????
???????????????????????????????? 15 nm??????????



































? 2.50? Al???????????????? SEM-EDX???????????? 
 
? 2.51? Al??????????????? SEM-EDX???????????? 
???? ??? YAG??????????? 
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? ? 2.50?? 2.51 ? SEM ????????????#1?3??????????????????
Al ? Y????????? Al ????????Y ??????????? 2.11 ????#1 ?? Y
????? Al?????????????????????????#2??Al? Y???????
? YAP?????#3? Si???????????????? YAM??????????????
???? 2.3???? Al2O3-Y2O3???????????Al??????#1???????????
???????????Y??????#2?#3????????????????????????


















?????10??????? 100 ?/h???SiO2???? YAG???? 0.2 wt%????????












? 2.12? ?????????????? Al? Y???? 
 
???? ??? YAG??????????? 







? ??????????????????????????????????????? 100?/h ?
??????? 1100 ??1200 ??1300 ??1400 ??1500 ?? 30??????????????
???????????????????????????????????????????? 
 
? ? ? ????? [%] = ?????????????? ?? 100      
 
??????????????? 2.52??????????????????1100 ?????????



















? ????????1100 ??? 1400 ????????????????????????????
?????????????????????????????????????????????






















????? ???  
? 2.52? ?????????????????? 
? 2?? ??? YAG??????????? 















? ???????? 400 ?/h??????1400 ??1500 ???????????????????
???? 2.52???????????????????????????????????????
















? ????????????????????????????????? 1750 ????????
? 20?????????????????????????? 1750????????? 50?/h?100?




? 2.53? ??????????????????? 100?/h? 
 
 
? 2.54? ??????????????????? 400?/h? 
 
? 2?? ??? YAG??????????? 
- 50 - 
? ???? 1.0 mol%Ce:YAG??????????????? 2.55???????????????
?????????????????????????????????????????????
































? 2.57(a)????????? 1200 nm?????????(b)??????????????????
?????????????????????????????????????????????
????????????????? 
? 2.55? ???????????? Ce:YAG????????????? 
 




















? 2?? ??? YAG??????????? 






































? 2.58? ???????????? 






















































? 2.57? ???????? 1200 nm???????(a)??????????(b) 
? 2.59? 40?????????????????  






















? 2?? ??? YAG??????????? 






















































































? 2.61? ???????? 1200 nm???????(a)??????????(b) 
? 2?? ??? YAG??????????? 
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?? ? ? ????????
? Yb:YAG ????????????????????????????? Nd:YAG ??????
Nd3+?????4I9/2 ? 4F5/2?????(808 nm)? 4F3/2 ? 4I11/2???????(1064 nm)??? 4???
????? 3.1(a)?????????????????????????(ESA: Excited-State Absorption)
???????????????????Yb3+??????????????????? 2F7/2???
???? ??????? YAG???????? 
 


























? ????? 3.2?????? 100 K?????????????2F7/2??????????????
???????????????????????????????????????? 4????
????????????????????????????????YAG ??????????









? 3.1? Nd:YAG? Yb:YAG????????? [17] 
? 3.2? Yb?????????????????????????? 
???? ??????? YAG???????? 
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?? ? ?????????
? ???? 25 mol%Yb:YAG?????? 0.7 mol%Nd:YAG?????????????<100 K??










???? Yb:YAG????????? 0.22?10-19 cm2??????????? 1.5?10-19 cm2????
Nd:YAG???????? 2.8?10-19 cm2???????????????????????? Yb:YAG





??????????????????????????????????? 3.3? 295 K? 77 K?
















?????????????????????????????? 1.2 ms ?????[25]?????
? 3.1? Yb:YAG??? Yb:YAG?Nd:YAG???????? [ 22, 23] 
 
 
? 3.3? 295 K? 77 K??? Yb:YAG??????????? 
???? ??????? YAG???????? 
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??????????? 0.8 ms????[19]?Nd:YAG???? 3???????????????
??????????????????????????? 




?? ? ? ??????????????????????
? Yb3+????? 10 mol%? Yb:YAG?????????????2??????????????
??????????Yb3+???? Al3+?Y3+??? pH ????????????????????











? Al3+?Y3+????????????????Yb3+??? Y3+???? 10 mol%???????????
25 g ? Yb:YAG ????????????????? 0.35 mol/??????????????
((HN4)2SO4)??0.7 mol/ g?YAG????????2.5 mol/????? NH4HCO3???? 5 m?/min??
????? pH?? 6.2??????480 m??????3?????????????? 35 ????
??????????????????????????????????1200 ?? 2??????
? 100 ?/h????????? YAG??? X????????? 3.5??????????????











? 3.4? Yb3+???????? pH?? 





























???? ??????? YAG???????? 
- 61 - 
? ???? YAG????????????????YAG??? YAG?????? 2.0 wt%?????
0.2 w%???????????????????????????????? 16.7 w%??????













??? 75 rpm? 1?????????????????????????????????????
????3??????????????????????????????????????? 500 ?
? 10??????? 100 ?/h??????? 1750 ??40??????? 100 ?/h???? 10-3 Pa?










?? ? ? ?? ?????????
??????? YAG?????????????????????????? YAG??????
????????????????????????????? Yb ????????????? 3
??? 2??????????????????Yb2+?? 3.8?????? 4f5d?????????
???????????? 3.9 ???????????????????????????????
?????????? Yb3+?????????????? Yb???? 2????????????
?????Yb3+? Yb2+???????????????Yb3+? Yb2+???????? 3.8 ?????
? 2?????? Yb3+?? 1??????? Yb2+???????????Cooperative energy transfer?
???????Yb3+?????????[29]??????Yb2+? Yb3+????????? 
? 3.6? ????????????????????? 
 






























???? ??????? YAG???????? 
 














???????????? 3.10 ???????????????????????????? 3.9?
????????? 1100nm??????????? Yb2+???????????????????
?????Yb:YAG?????? 3??????800 nm???????????????? 3.10??
















? ????? 3.7?????????????????????????????????? 3.2??
??????????????????????????????????? 941 nm ??????























Wavelength [nm]  
? 3.10? ????????????????? 
? ? ? ? Yb:YAG????????????? 
???? ??????? YAG???????? 














????? 620 nm???????????????? Yb:YAG???????? 1030 nm????




















? 3.3 ???1350????20??? 620nm?????????1030 nm????????????
????????????????????????22.0??????????????????1250?
?? 30??????? 620 nm???????????????????????????????




#1            #2
#3            #4
#5            #6
#7
 





































Wavelength [nm]  
? 3.12? ?????????????????????  
? ????????????????? 
? 3.3? ???????????????????? 
 
???? ??????? YAG???????? 
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????????????????????1350???? 30?????? 620 nm????????
?????1030 nm?????????????????????????????????? 1400?
????????????????????? 620 nm????????????1030 nm?????






?? ? ? ???????????????????
? 1350??20?????????? 10 mol%Yb:YAG?????????????????????
?????????????????????? 3.13?? 3.14????? 3.14??????????











? ???941 nm????????????????? 1030 nm??????????? Yb:YAG??
?Scientific Materials Corp.: ?10.0 ? 2.3 mm??????? 3.15????????????????
?????????????????????????????????????????????












? 3.13? ?????????????? 
? ? ? ? ? Yb:YAG????? 
? ? ? ? 10.4 mm?? 2.2 mmt 
 
? 3.14? ????????? Yb:YAG???????  










800 850 900 950 1000 1050 1100
















800 850 900 950 1000 1050 1100








Wavelength [nm]  
? 3.15?  Yb:YAG????????? Yb:YAG???????????????? 
???? ??????? YAG???????? 
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?? ? ? ??????? ?????????????????
? 3.2.3 ???????? Yb ????? 20 mol%? Yb:YAG ???????????????? 5 









? ??????????? Yb ????????????????????????Yb:YAG ???
????????????? 85.0 %??????????????????ICP??????? Y?
??? Yb???????????? 
ICP????????????????? Y??????? Yb ????????????????
????????? Y??????? Yb???????????? 5 mol%?10 mol%?20 mol%?
?????????????????????????????? 
 
? ? ? ? ???? ? ??????? Yb????? ? ?????? Yb????? 
 
ICP ???????????????????????????? 3.4 ?????????????










? ???20 mol%Yb:YAG??????????Yb?????????? SEM-EDX????????
?????????Ce:YAG????? Ce????????????????[30]?????????
????????? 15 nm???? Pt?????????? 22 kV????????? 10 mA???
?? 3?10-9 A????????????Yb??? X??????M??1.521 keV????? Al?
?????? K??1.486 keV?????????????Yb? L???7.414 keV????????
??Yb???????????? 3.17???????????????????Yb?????20 mol%
 
                 ? 3.16? Yb:YAG????? 
                         ????????????? 5 mol%?10 mol%?20 mol% 
? 3.4? ICP??????????????????????????? 
 
???? ??????? YAG???????? 
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?????????????????????????? 




Zm = 0.033 E01.7 " EC1.7( ) A#Z               (3.1) 
 
EC?????? X ?????????????????? [kV]?E0???????? [kV]?A ?
??????Z ?????????????? [g/cm3]????Zm???? 2.0?m ???????X











?? ? ?????? ???? ????????????















(silicon)?GaAs (gallium arsenide)?InP (indium phosphide) ?????? ??????????????
 
? 3.17? 20 mol%Yb:YAG???? SEM-EDX??? Yb??????? 
???? ??????? YAG???????? 
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?? ?????? ????????????????????????????????????  
 
?? ? ? ??? ?????????????
? ??????? YAG?????????[34-39]????????? 3.18??? 2???????
? 1????????????????????????????[34]???????? 1400 ???
?????????????? 85?90 %???????????/10??=633 nm?????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????Nd:YAG ???? YAG ???????????Nd3+























?? ? ? ?? ?????????????????????? ????????





? 3.18? ??? YAG?????????? 
???? ??????? YAG???????? 
 




















? ??????????? 1.0 mol%Nd:YAG???????????????????? YAG??
?????????????? 3??A, B, C,????????????????????? 17.6 mm?
?? 3.5 mm ???????????????????????????????????????
???????????Zygo ? GPITMLC????????????????????Zygo ?










????????????????? 1 kV????? Ar+??????? 5???????????
?????? 0.07 MPa???? 5??????????????????????????????
????????????? 5 kgf·cm?????????1100 ??? 5????????? 2?10-3 Pa?
???????????????????? 3.20???????????????????????
 
? 3.19? Ar-FAB???????? 
? 3.5? ????????????? 
 
 
???? ??????? YAG???????? 











?? ? ? ? ??????????
???? ??????????
? ???????????????????? 3.21?????????????? 5 mm?????
?????????????? Nd:YAG???? YAG???????????????? C???
?? Nd:YAG???? YAG ????????????????????????????????
??????????????? A?B ???????? Nd:YAG???? YAG ????????












































Wavelength [nm]  
? 3.21? ?????????????? 
???? ??????? YAG???????? 
 












? ???????????????OTC: Optical Coherence Tomography??????????????
??????OCT?????????????????????????????????????
??????????????????[40, 41]????? Thorlab? SS-OCT????? 























? 3.6? ??????????????? 
 
 
? 3.22? ???????????????????????????? 
???? ??????? YAG???????? 
































? ?????? Nd3+??????? YAG ??????????????????????????
?????????FE-EPMA?????????????????????????????????
??????????JXA-8500F???????????????? 15 kV????? 2.0?10-7 A??
???? 40 nm????? 40 nm??Nd???? L?????????? LiF????????? ?
???????????? 3.25 ???????5 ?m ?????????????????????
?????? 40 nm?????? (3.1)?????? X????????????????????
 
? 3.23? ??????????????????????????? 
 
? ? ? ? ? ? ? ? ? ? 3.24? ??????????????? 
? ? ? ? ? ? ? ? ? ? ? ? ???????????????????????? 
???  ?? ???
??µ??
???? ??????? YAG???????? 
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??? 0.73?m??????????????????????? 5 ?m????????????
?????? 5 ?m???????????????Nd????????????? 5 ?m???
?? 


















? 10 mol%Yb:YAG ????????????????????????????????????
???????????????????????????????????? 
? ???? 2????? Yb?????????? 3 ?????????????????????
?????????????????? 1350??20??????????????????? 
? ???????Yb????????????????? 20 mol%?Yb:YAG??????????
????????Yb???????????????????????????????Yb???
?????????????? 








[1] H. Furuse, J. Kawanaka, K. Takeshita, N. Miyanaga, T. Saiki, K. Imasaki, M. Fujita, and S. Ishii: Optics 
 
? 3.25? FE-EPMA??? Nd?????????? 
 
? 3.26? ??????????? 
            ????? [34] 
 
???? ??????? YAG???????? 
- 73 - 
Letters. 34 (2009) 3439.  
[2] J. Kawanakaa, Y. Takeuchia, A. Yoshidaa, S. J. Pearcea, R. Yasuharaa, T. Kawashima and H. Kan: Laser 
Physics 20 (2010) 1079. 
[3] T. Denis, S. Hahn, S. Mebben, R. Wilhelm, C. Kolleck, J. Neumann and D. Kracht: Applied Optics, 49 
(2010) 811.  
[4] D. Kracht, M. Frede, R. Wilhelm andC. Fallnich: Optics Express, 13[16] (2005) 6212.  
[5] H. F. Li, D. G. Xu, Y. Yang, Y. Y. Wang, R. Zhou, T. L. Zhang, X. Zhao, P. Wang andJ. Q. Yao: Chinese 
Physics Letters, 22[10] (2005) 2565.  
[6] M. Tsunekane and T. Taira: Optics Letters, 31[13] (2006) 2003.  
[7] M. Tsunekane and T. Taira: Japanese Journal of Applied Physics Part 2, 44[37-41] (2005) L1164.  
[8] H. Yagi, K. Takaichi, K. Hwada, K. Ueda, andT. Yanagitani: Japanese Journal of Applied Physics Part 2 
45[4-7] (2006) L207.  
[9] J. Dong, A. Shirakawa, K. Ueda, H. Yagi, T. Yanagitani, andA. A. Kaminskii: Applied Physics Letters, 
90[19] (2007) 3.  
[10] D. Kracht, D. Freiburg, R. Wilhelm, M. Frede, andC. Fallnich: Optics Express, 14[7] (2006) 2690.  
[11] M. Tsunekane and T. Taira: Applied Physics Letters, 90[12] (2007) 3.  
[12] D. G. Xu, Y. Y. Wang, H. F. Li, J. Q. Yao, andY. H. Tsang: Optics Express, 15[7] (2007) 3991.  
[13] ?? 2001-279495 
[14] ?? 2003-67462 
[15] A. Sugiyama and Y. Nara: Ceramics International 31 (2005) 1085. 
[16] A. Sugiyama, H. Fukuyama, M. Katsumata and Y. Okada: Proc. SPIE 4944 (2002) 361. 
[17] ????? ???? (2006) 
[18] D. N. Nikogosyan: Properties of Optical and Laser-Related Materials Handbook (John Wiley ? Sons, 
Chichester, 1997). 
[19] F. D. Patel, E. C. Honea, J. Speth, S. A. Payne, R. Hutcheson, and R. Equaii: J. Quant. Electron. 37 (2001) 
135. 
[20] G. A. Slak and D. W. Oliver: Phys. Rev. B 4 (1971) 592. 
[21] R. Wynne, J. L. Daneu, and T. Y. Fan: Appl. Opt. 38 (1999) 3282. 
[22] L. D. DeLoach, et al.: IEEE J. Quantum Electron. 29 (1993) 1179. 
[23] W. Koechner: Solid-State Laser Engneering, 5th rev. and updated ed. (Springer-Verlag, Berlin, 1999) 
[24] ???????????????????????????? 36 (2008) 549. 
[25] D. S. Sumida, T. Y. Fan: Opt. Lett. 19 (1994) 1343.  
[26] Handbook of Chem.& Phys., 79th Edition 
[27] International Center for Diffraction Data (ICDD) card #33-0040. 
[28] International Center for Diffraction Data (ICDD) card #14-0475. 
[29] N. Martyuyuk, D. Fagundes-Peter, and K. Petermann: Phys. Stat. Sol. (c) 4 No.3 (2007) 1040. 
[30] W. Zhao, S. Anghel, C. Mans, G. Boulon, T. Epicier, Y. Shi, X. Q. Feng, Y. B. Pan V. Chani and A. 
???? ??????? YAG???????? 
 
- 74 - 
Yoshikawa: Opt. Matr. (2010) in press 
[31] H. Takagi, K. Kikuchi, R. Maeda, T. R. Chung and T. Suga: Appl. Phys. Lett. 68, (1996) 2222. 
[32] H. Takagi, R. Maeda, N. Hosoda and T. Suga: Appl. Phys. Lett. 74, (1999) 2387  
[33] R. Stengl, T. Tan and U. Gosele: Japanese Journal of Applied Physics  28 (1989) 1735.  
[34] H. Yagi, K. Takaichi, K. Ueda, Y. Yamasaki, T. Yanagitani and A. A. Kaminskii, Laser Phys, 15 (2005) 
1338. 
[35] Y. Sato, A. Ikesue andT. Taira, IEEE Journal of Selected Topics in Quantum Electronics, 13[3] (2007) 838.  
[36] A. Ikesue and Y. L. Aung:  Journal of the American Ceramic Society, 89[6] (2006) 1936.  
[37] J. Li, Y. S. Wu, Y. B. Pan, W. B. Liu, L. P. Huang, andJ. K. Guo: International Journal of Applied Ceramic 
Technology, 5[4] (2008) 360.  
[38] S. Ochiai, S. Ikeda, S. Iwamoto, J. J. Sha, H. Okuda, Y. Waku, N. Nakagawa, A. Mitani, M. Sato, andT. 
Ishikawa: Journal of the European Ceramic Society, 28[12] (2008) 2309.  
[39] J. J. Sha, S. Ochiai, H. Okuda, Y. Waku, N. Nakagawa, A. Mitani, M. Sato, andT. Ishikawa: Journal of the 
European Ceramic Society, 28[12] (2008) 2319.  
[40] M. Ohmi, K. Nohara, Y. Ueda, T. Fuji and M. Harun?Jpn. J. Appl. Phys., 44, No. 26 (2005) L854? 

























Cr:YAG?Nd:YAG ????????? X ??????????????????????????
?????????????????????????????????????????????




?? ? ????????????????????? [8,9]?
?? ? ? ??????????
??? YAG?Cr:YAG?Nd:YAG???????????? Reverse-strike????? Normal-strike
??????????????????????????? 4.1????????SG????????
?N????? Normal-strike???R????? Reverse-strike?????Cr3+???? Al3+?????
???????????Cr3+?????mol%?? Al3+????????? Cr3+??????????
??????Nd3+???? Y3+???????????????Nd3+????? Y3+????????






































Normal-strike????(Al, Y, Cr)????????????????Reverse-strike???????(Al, 
Y, Cr)????????????????????? Normal-strike??????????? 
 
?? ? ? ????????????????????????
????????????X ?????????????????????X ????? CuK??
? 4.1? ???????????? 
 
???? ??????????????????????? 
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?????????????????? 1 nm???????? 200 nm/min????????????
?????????? 0.5 g? 1.0 w%????????????? 1 ml?????????????
0.2 ml???????????????????????? 
 
?? ? ? ? ? ??????????????????
????????? Reverse-strike????? Normal-strike???????????????? YAG


























             ? 4.1? ??? X????????????????? 
              (a)??????(b) Normal-strike??(c) Reverse-strike? 
???? ??????????????????????? 
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?? ? ? ? ????????????????????
? 1100????????????????????1200?????? Normal-strike ??Reverse-strike
????????????????????4.3???? ????????????????????
? 4.3 ?????????????? 1 µm ??? µm ???????????????????
Normal-strike????????Reverse-strike?(??)??????????????????????





























































Particle size [µm]  





























? 4.2? ??????? YAG?????????? 
???? ??????????????????????? 











??????? 0.2 µm????? 0.05 µm??????????????????????????
?????????????????????????????????????????????


























? 4.4? ????? SEM???????? 
???? ??????????????????????? 









?? ? ? ? ???????????????????
? ??????? Cr????? Cr:YAG???????????? Cr?????????????
????? 4.1???? 4-10?????????? 4.5 ????????????????590 nm?


















?? ? ? ? ?????????????????
? ????????? YAG??????? Cr?? YAG???????????????????
??????????????????????????Nd ?????????????????
YAG???? 4.1???? 11??????? YAG?? 4.1 ???? 12????? YAG?? 4.1 ??
?? 13??????????????????????? 0.6 mol%-Nd:YAG?????? 808 nm?
???????????????? 1064 nm???????????????? 1064 nm?????
?????????????????????????????????????????????
??????????????????????????? 10 mm??? 1.7 mm?????????
? ? ? ? ?   ? 4.5? Cr:YAG??? 590 nm?????? 

























Concentration of Cr ion [mol%]
???? ??????????????????????? 
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????????????????????????????????????? 
? ? 4.6????(a)??????(b)????(c)? 808 nm?????? Nd3+???????????


















? ? 4.2? 808 nm?????? Nd3+???? 1064 nm?????????????????????
?????????????????????????????????????????????
???????? 1??????????????????? 0.96??????? 0.94??????
?????????????????????????????????????? 244 µsec???































    
   ? 4.7  Nd3+???? 1064 nm??? 
          ??????? 


















Wavelength [nm]  
   ? 4.6  808 nm?????? Nd3+???? 
         1064 nm??????????? 
         (a)???(b)??????(c)??? 
? 4.2? 808 nm?????? Nd3+???? 1064 nm??????????? 
 
???? ??????????????????????? 
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?? ? ????????????????????????????? [16]?




?????????????Nd:GSGG?Gadolinium Scandium Gallium Garnet: Gd3Sc2Ga3O12 ??Nd:YSGG
















?? ? ? ???????????
Cr3+????????? Cr:YAG?Cr/Nd:YAG?Nd:YAG????????????????Cr3+?
???? Nd3+?????????????????Cr3+?????mol%?? Al3+?????????
??? Cr3+???????????Nd3+????? Y3+???????????? Nd3+???????
????????? 
1) Cr:YAG ; [Cr3+] = 0.1, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0 mol% 
2) Cr/Nd:YAG ; [Nd3+] = 1.0 mol%, [Cr3+] = 0.3, 0.5, 1.0, 2.0, 3.0, 5.0, 7.0, 9.0, 10.0 mol% 
3) Nd:YAG ; [Nd3+] = 1.0 mol% 
?????????????? ??????????? 
 
?? ? ? ????????
? Cr3+????Nd:YAG???????????1064 nm????????????????????
4.8(a)?Cr(3.0 mol%)/Nd(1.0 mol%):YAG?(b)?Nd(1.0 mol%):YAG?1064 nm????????????
??Cr/Nd:YAG????????????Nd:YAG?????????Cr3+???????????440 
nm?4A2 ? 4T1??590 nm?4A2 ? 4T2????????????????????????????
???? ??????????????????????? 


























? ???????(a)440 nm(Cr3+:4A2?4T1)?(b)590 nm(Cr3+:4A2?4T2)?(c)808 nm (Nd3+:4I9/2?4F5/2)???
Cr(3.0 mol%)/Nd(1.0 mol%):YAG????????????(d)808 nm????? Nd(1.0 mol%):YAG?
??????????? 4.10????????????????????????????????
??????????????????????????????Cr(3.0 mol%)/Nd(1.0 mol%):YAG?
????????????????900 nm?1060 nm?1300 nm?4F3/2?4I9/2?? 4I11/2?? 4I13/2? ????
????Nd(1.0 mol%):YAG??????????????????? 4.10(a)(b)?????? 600 nm
?850 nm?????????? Cr3+???????????????????????? Cr3+???
? 1064 nm???? Nd3+??????????????????????????????????
440 nm??(? 4.10(a))?????????? 4.10(d)??????????????????????




? 4.8? 1064 nm?????????? 
      (a) Cr(3.0 mol%)/Nd(1.0 mol%):YAG?(b)Nd(1.0 mol%):YAG 
 
? 4.9? Cr3+???? Nd3+???????????? 
???? ??????????????????????? 














? 4.11? Cr:YAG??? 440 nm ????????708 nm????????? Cr3+????????
?????????????Cr3+??????????????????? Cr3+?????????
3mol%??????????????????????????????????????????
????????Cr:YAG ?????? Cr3+???? Cr3+???????????????????
4.12??????????????????0.1 mol%??? 1.8ms???????????????











???????????? CCr ? Cr3+?????? CCr0 ?τCr0??????????? Cr3+????
?????? 4.12? Cr:YAG?????????????(4.1)?????????????????












? 4.10? Cr(3.0 mol%)/Nd(1.0 mol%):YAG??(a)?(c)? 






















Concentration of Cr ion [mol%]  
  ? 4.12? Cr:YAG?????? 




















Concentration of Cr ion [mol%]  
? ? 4.11? Cr:YAG??? 708 nm???? 
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? ???Cr? Nd:YAG???????????????????Cr/Nd:YAG???Nd??????
1.0 mol%?? 440 nm???????? Nd??? Cr?????? Cr??????????????
?? 4.13?????? 1064 nm?Nd3+:4F3/2?4I11/2???? 885nm?Nd3+:4F3/2?4I9/2???? 708 nm(Cr3+:2E
?4A2)???????????????????????????(4.2)?????????????
??Nd? 1064 nm???885nm??????????Cr3+????????? 5.0 mol%??????
???????6.0 mol%???????????????????Nd??? Cr??????? 4.11
?????????????? Cr???????? Cr????????????????????
? Cr3+?? Nd3+??????????????????????????????????????





































Nd : 885 nm
Cr : 708 nm
Nd : 1064 nm














Concentration of Cr ion [mol%]  
? 4.13? Cr/Nd:YAG??? 1064 nm?885nm 
        ????????? Cr3+????? 





























Concentration of Cr ion [mol%]
 
  ? 4.14? Cr/Nd:YAG???? Nd3+???? 
         ???????? Cr3+???????? 
???? ??????????????????????? 
- 86 - 
??????????Cr/Nd:YAG???? Nd3+????????????? Cr3+?????????
???????????????Cr:YAG ??????????????????????????
??????????? Cr3+??????? Nd3+?????????? 4F3/2???????????
Cr3+????????????????? 
Nd3+???? Cr3+?????????????????electric dipole-dipole interaction??????





?????????? Cr3+????? Nd3+??????????????? Pda?????????
??????? Nd3+???(2E)? Cr3+???(4S3/2, 4F5/2)??????????????? 
? ? 4.15 ????? N?R ??? A ?????????????????????????????
??????????? Cr ? Nd ???Cr3+? Nd3+?????? 0?3?????????????
??????? 0, 1, 2, 3?????????????????? NCr2? Cr3+(4T1)?NCr1? Cr3+(2E)?NCr0





















" k  CCrNCrT




? 4.15? Cr3+????? Nd3+??????????????? 
???? ??????????????????????? 
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? ? ? ? ? ? ? ?   
  
! 
Q " k = kANd21 + ANd20
Pda
Pda + ACr10
                      (4.3) 







<1                              (4.4) 
 
????NCrT ? Cr3+????CCr0 ? Cr3+??????????????????k’????? k ?




??Nd3+?????? 1.0 mol%????Cr3+??????? 6.5 mol%??440 nm????? 1064? nm









?? ? ?????????????????????????????? [40]?













? Nd3+??????????? 1 µm????????? 
? ??????????? 
? ??????????????????? Ti3+, Co2+, Ce3+, Eu3+, Pr3+, V3+?????????????
???? ??????????????????????? 
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?????????????????????????????????????Nd3+??????
? Y3+??????????????YAG???? Y3+????????????????? 0.900?
????????Cr3+??????? Al3+???????????????????? Al3+?????
???????????? 0.535?????????????????????????? 4.3???









?? ? ? ? ??????????
? Ti3+, Co2+, Ce3+, Eu3+, Pr3+, V3+???? YAG????????????????????????
???????????????????? Co2+:YAG ????????????? 15.5?
Zr(CH3COO)4????????????????? Y(CH3COO)3??????????????????
?????????????????V3+:YAG? Ti3+:YAG??????????????????











?? ? ? ? ?????
? ????????????????????????????????????????????
U-4100(HITACHI)?????????????? 300?1300 nm???????? 300 nm/min????
??? 700 nm??? 1.0 nm????????????????????????????????
?????????????????????????? SS-25?????????? 1 nm????
???? 200 nm/min?????? 
? ???????? YAG?????????????????????????? 4.16?????
?????????????????? YAG???????????Co2+:YAG? Ce2+:YAG??1 
? 4.3 ????????? 
 
? 4.4? ?????????????? 
 
???? ??????????????????????? 
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mol%??????????????????? 3 mol% ?????????????Co2+:YAG ? 
1064 nm?????????????????????????? 5?? Ti3+, Ce3+, Eu3+, Pr3+, V3+??
??? YAG??1064 nm??????????????????????????????????
????????????????????????Eu3+:YAG? 350?400 nm ?Pr3+:YAG? 430?
500 nm? 570?620 nm?Ti3+:YAG? 300?400 nm?V3+:YAG? 300?500 nm? 600?900 nm?Ce3+:YAG













?? ? ? ? ?????
? ????????????????????????????????????????????
???????????????????????????? 1.0 mol%??????Ti3+:YAG, V3+:YAG
??900 nm????????????????????????Ce3+:YAG? 360 nm?460 nm?Pr3+:YAG



































Wavelength [nm]  









? 4.17? Ce:YAG?Pr:YAG?Eu:YAG????????????? 
???? ??????????????????????? 
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Ce3+:YAG? 544 nm????????????????????Pr3+:YAG? 612 nm??Eu3+:YAG?
591 nm? 710 nm?????????????????? Eu3+:YAG???? 1??????????








?? ? ? ????????????????????????
















?? ? ? ? ??????????????
? ?????????.?????????????Ce:YAG?? Ce3+????????????Ce3+
????????? nsec?????????????Nd:YAG???????????(355 nm)??
??????????????? 250 mW??????? 10 Hz?????? 3 nsec???????InGaAs
?????????????530 nm???????????????????????Ce/Cr/Nd:YAG?
Cr/Nd:YAG???????????????Ce(0.9)/Cr(0.3)/Nd(1.0):YAG?Cr(0.3)/Nd(1.0):YAG?1064 
nm ???????????? 4.18 ?????????????????????????????
??????????????????????? 808 nm??????????????Cr/Nd:YAG
? Nd:YAG????????? 380~520 nm (4T1?2E)? 520~700 nm (4T2?2E)???????????
??????????????????? 4.8(a)?[36]?Ce3+????????? Ce/Cr/Nd:YAG ???
? 4.5 ???? Ce/Cr/Nd:YAG?????? 
 
???? ??????????????????????? 
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380~520 nm ?????????????????????? 440 nm?? 470 nm?????????
350 nm??? Nd3+??????????????????????????? 320~360 nm????
















???? Ce/Cr/Nd:YAG? Nd(1.0):YAG????? 470 nm?808 nm??????????????
4.19 ????Cr/Nd:YAG ? Nd:YAG ????????????????? 4.19 ??????
Ce/Cr/Nd:YAG? Nd:YAG????????????????????????1064 nm?????
?????808 nm???????? Nd:YAG? 1?????440 nm??? Cr/Nd:YAG? 1.6?490 nm





















300 400 500 600 700 800 900 1000
Ce(0.9)/Cr(0.3)/Nd(1.0):YAG
             Cr(0.3)/Nd(1.0):YAG











? 4.18? Ce/Cr/Nd:YAG? Cr/Nd:YAG? 1064 nm?????????? 
 
? 4.19? Ce/Cr/Nd:YAG(a)? Nd(1.0):YAG(b)???????? 
???? ??????????????????????? 
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(b) [Cr]=4.0 mol% Concentration of Ce ion [mol%]
     
     ? 4.20? Ce/Cr/Nd:YAG? 































Concentration of Cr ion [mol%](a) [Ce]=0.3 mol%
 
    ? 4.21? Ce/Cr/Nd:YAG? 
         ???????? Ce3+????? 
???? ??????????????????????? 

























               
! 
I = aNd +"
C
1+ C /C0( )


































































Concentration of Cr ion [mol%]
(a)























































Concentration of Ce ion  [mol%]
(b)
Concentration of Cr ion [mol%]
???? ?????? ?? ??????
????????????????? ??????????????
???? ?????? ?? ?????
????????????????? ???????????
 
? 4.23? ?????????? Cr3+????Ce3+???????? 
Concentration 
of Cr ion [mol%]
Concentration 









? 4.22? ???????????? Cr3+????Ce3+????? 
 
???? ??????????????????????? 
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? 4.23(a)????aNd? Cr3+??? 0????Ce/Nd:YAG???????????α????C? Cr3+
??????Co? Cr3+???????????????????????????????????
???????? 4.23(b)?????aNd? Ce3+?????? 0 ????Cr/Nd:YAG????????
???C ? Ce3+?????????Co? Ce3+?????????????????????????
?????????????????Nd3+?????? 1.0 mol%??????? 4.23(b)??????
? Ce3+?????? 0.9 mol%?Cr3+?????? 6.0~8.0 mol%???????????? Ce3+???
????????????? Nd1.0 mol?Cr0.3 mol%????? 4.3???????    
 
?? ? ? ? ????????????????
Ce3+?????????????? Nd3+???????????????????????????
????????? Ce(0.9)/Cr(8.0)/Nd(1.0):YAG?????470 nm????? 1064 nm??????
???????????? 200 µsec?????????????? 4.6? Nd(0.1):YAG?Nd(1.0):YAG?
Cr(0.1):YAG?Ce(0.1):YAG?Cr(0.3)/Nd(1.0):YAG ??????????????Cr3+???????
???????Cr(0.3)/Nd(1.0):YAG?? Cr3+???????????????????????? Nd3+
????????? 410 µsec ????????[16]???????????? Ce3+????????












?? ? ? ???????????
?? ? ? ? ????????????????????????????????
? ???????????????????????? 470 nm????????? 1064 nm????
Nd3+?????????????????Cr3+?Ce3+?????????????? ????(a)? Ce3+????




" C( ) = "x +
"0
1+ C C0( )
2                (4.6) 
 
? 4.6? Nd3+?Cr3+?Ce3+????? 
 
???? ??????????????????????? 



































































Concentration of Ce ion [mol%]
(a)




























Concentration of Cr ion [mol%]
(b)
 























































































Concentration of Nd ion [mol%]
(a)
 
? 4.25? ???? Nd3+?Cr3+?Ce3+?????????? 
???? ??????????????????????? 
- 96 - 
???Ce3+?? Nd3+?????????? Cr3+???????????????????Cr3+?????
? Ce3+???????? 344 nm????????? 1064 nm???? Nd3+?????????????
???????Cr3+??? 1 mol%?????????????? ?????????????? Cr3+???













?? ? ? ? ???
Ce/Cr/Nd:YAG ? Cr/Nd:YAG ? 1064 nm ???????????? ?????????????????
380~520 nm (4T1?2E)??????????????????????????????320~360 nm???
??????????????? ????(a)??? Ce:YAG ????????????????? Ce3+????
???? 2F5/2 ?? 5d???????????????????[43]???????Ce3+?Nd3+?????
















? 4.26?  Cr3+?????? 344 nm????????? Nd3+?????????? 
 


































Concentration of Ce ion [mol%]
Concentration of Cr ion [mol%]
( e/ d: )
???? ??????????????????????? 
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[ Ce3+?Nd3+ ] 
Nd3+?????????????Ce3+?Nd3+??????????????????????????
??????? 
? ?????????????????  




?? 470 nm????????? Nd3+????????? 
? Cr3+??? 0.3 mo%?????(? ????(a))?Ce3+????????????????????????







[ Cr3+?Nd3+ ] 
 Nd3+?????????????Cr3+????????????????????????????? 
?  ?????????????????  
? Cr3+??????4.0 mol%???(?????(b))?Ce3+???????????Cr3+????????????
???Cr3+????????520~700 nm???????320~360 nm?380~520 nm?????????????
???Ce3+?????????Ce3+????????0.3 mol% (?????(a))?1.5 mol%(?????(b))?Cr3+??




?? 470 nm????????? Nd3+????????? 
? ? ????(a)?? Cr3+??? 1.0 mol%?????????? Nd3+???????? Ce????????
????????(4.6)??????τ (CrNd)????????????????????? Cr3+???????
????????????????????????? Cr/Nd:YAG?? ????(b)????????? 420 µsec?
????????????????Ce3+?Nd3+????????????????470nm ????? Ce3+??
?????????? Cr3+????????????Cr3+??? 2.0 mol%??????? Nd3+?????
??????????????? Cr3+???????????[16]? 
? Cr3+??????????? ????(b)???????Cr3+??? 1.0 mol%???? Ce3+????????
(4.6)???????????????????Cr3+??? 1.0 mol%??????????? Nd3+??????
????(4.6)????????????(4.6)??????????????????????Cr3+??? 1 
???? ??????????????????????? 
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mol%??????????? Ce3+?????? Cr3+?? Nd3+???????????????????
?? Nd3+??????????????? Nd(1.0):YAG? Nd3+??????????1 mol%??????
? Cr3+?????????????? Cr3+?????????????? Nd3+?????????????
??????????????????????????? 
 
[ Ce3+?Cr3+?Nd3+ ] 
???Ce3+? Cr3+???????????????????????? ????Cr3+?????? 344 nm
???????????? Nd3+????????? Nd3+??????????????????????
???? ???????344 nm ????????? Nd3+????????????????????????
????? Ce3+?Cr3+?Nd3+???????????????????????? ???? ??????????
?????(a)?Cr3+?????????Ce???1.0 mol%????2.0 mol%????4.0 mol%???????????344 
nm????????? 1064 nm???? Nd3+????????????? 470 nm??????????




???????????????????????Nd3+??? 1.0 mol%??????Ce3+??? 0.9 
mol%?Cr3+??? 6.0~8.0 mol%????????????????????????????????
Ce3+???????????????? Nd1.0 mol?Cr0.3 mol%? Cr/Nd:YAG??????????
????? 300~1000nm ????????? 4.3 ???????????????????????
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???? ??????? KDP??????? 
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?
?? ? ???? 





























? ??????????????????? KDP ??????????????????????
?????????????????????????????????????????? 
 
?? ? ? ??? [7] 
? ????????????????????????????????????????????
???? ??????? KDP??????? 





































' ? ?T1?T2?? (5.1) 
 
! 





















? ? ? ? 5.1? ??????????? 
???? ??????? KDP??????? 








"G R( ) = # 4$3 %µnSR
3 + 4$&R2      (5.3) 
 
! 












































? 5.2? ???? R??????? 
? ? ? ?????????? [7] 
???? ??????? KDP??????? 
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! 





















"µ < 0???????? 5.3??? A???????????
?????????
! 











3                                      (5.8) 
?
?? ? ? ??????????
? ??? n*????????????????Kashchiev?????????????????[16]? 
 
              
! 








*  , ( )!"=1m    ?5.9? 
? ? ? ?  
??? Is????????????????????????????????????????? 
 
              
! 






? 5.3? ????? N??????? 
? ? ?????????? [7] 
???? ??????? KDP??????? 
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???(5.11)??????????????? 5.4???????????????????? Δt (n*) 






















µl Tl ,Pl( )?????????????
! 
µS Tl ,PS( )???????? 
 
           
! 






? ? ? ? ? ?
! 
"µ = RT lnC # lnCS( ) = RT ln
C
CS





? ? ? ? ? ?
! 
"µ = RT ln 1+#( ) $ RT#       (?<<1)          (5.14) 
 
?? ? ? ?????? [6, 8-11] 
? ?????????????????????????????????KDP?????????
 
? 5.4? ??????????????? 
??????????? 
???? ??????? KDP??????? 

















?? ? ? ? ???????


















? ? ??????????????????????????????????????? 5.5 ??
??(111)?????????????????????????????????????????
? 5.1? ????????? 
 
 ?  
? ? ? ? 5.5? ?????? [17]? ? ? ? ? ? ?  ? 5.6? ??????? 
???? ??????? KDP??????? 













































V " K #µRT  (5.19)   
 ?
! 





???? ??????? KDP??????? 
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? 5.7? ???????????????????? 
???? ??????? KDP??????? 















































































? 5.8? ????????????? 
 
? 5.9?? R????????????? [8] 
???? ??????? KDP??????? 











?? ? ? ? ?????












































? 5.11? ?????????  [6] 
 
? 5.10? ????????????????????? 
 
? 5.11? ????????? [6] 
???? ??????? KDP??????? 









V = al v = KS
a
l "µ   (5.26) 
 














#µ( )2  (5.26) 
 
?? ? ? ? ??????????????????[21]?
? Cabrera ? Coleman ???????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
??????????????????????????????????? Back-force effect???? 
?
?














???? ??????? KDP??????? 
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?? ? ?????????
































? ?????????????? KDP???????????????? 
? ? ? ???????????? 
? ? ? ????????????????????????????? 
? ? ? ????????????? 





? 5.12? KDP??? As-grown? 
 
? ? ? ? 5.13? KDP????? 
      
?????? ?????
+ + + + + + – – – –
  
? 5.14? KDP?????????? 
???? ??????? KDP??????? 





































???? 5.16? KDP?99.8 %KD*P??????????????????????????99.8 %KD*P
 
? 5.15? ??????????????? KDP????? 
? ? ? ????43?40?80 cm???~200 kg?????~12?? 
? 5.2? KDP?KD*P?????? [27-29] 
 
???? ??????? KDP??????? 









????????????? KD*P?????? 30 ℃????????????????????
?????????????????????????????????????????????
??????????????????????????????? KD*P?????? 5.15???
KDP ?????????????????????????????????? 5.17 ??????
??????????????????? 80 %???? 70 ??????????????????























???????? ? ? ?????? 5.7????????? 
      KD*P
?(???)
????????? 
      KDP
?(???)
???? ???
      KD*P
?(???)
 
? 5.16? KDP?KD*P?????? 
 
? 5.17? ????????????  
? ? ?   ????????? [30] 
        ??????????? 
      ? ??????????? 
???? ??????? KDP??????? 
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?????????????????????????? 5????? 
? ???????????????????? 







































???? ??????? KDP??????? 

































?????????? Ts????? Cs????????????Ts?? ΔT????????? th ?




???? ??????? KDP??????? 













????????????????????333 K (72.3 g/100g D2O)???????????pH??
4.2?natural pH??????? 85%????????????????????? 3.2? 5.2????
??????????????? 2000 cc????????????????????????? 100 
rpm?????? 



















? ????? 15 K?????????????????????????????????????
? 21.5 %???????????σm??? k1???? pH??????σm? pH??????k1? pH
pH 3.2 pH 4.2
pH 5.2?0
 
? ? 5.19? ???????????????? 
 
? 5.18? ??????????????????????????? 
???? ??????? KDP??????? 
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?? 0.27?????????????pH?? 3.2? KD*P???????????????????
?????????? 23 K????? 18???????? 120 %?????pH?????????
??????????????????????????????????????? pH ????
???????????????????????? 
























?????? KD*P???pH4.2?????????????????3????????25 K?10 
K?5 K???????? 25 kHz? 800 W??????????????????????????
??????????? 5.21???????? 25 K????????????????? ?????
????????????????????????????????????????????























     ? 5.20? ???????????????????????? 
???? ??????? KDP??????? 
- 119 - 
     ? ? ? ? ? ? ? ? ? ? ?  
! 




































   ? 5.21? ?????????????????????????????? 
? ? ? ?    AC???????????? 
25 K
25 K + AC
10 K + AC







































? 5.22? ????????????????????? 
? ? ? ? ? ? ? ? ? ? ??????????? 
???? ??????? KDP??????? 








?? ? ? ???????????





??? 72.5 ℃???? 2.3 ??????0.1 μm???????????????? 28.5 ℃?????
5??????????????? 8 × 8 × 8 mm? a? × b? × c? ????? As-grown????

















? ????????? 5.24???????? 62 × 62 × 40 mm?????a?????????? 24 
mm/day?c?????????? 33 mm/day????????8 ?????????? 87 × 91 × 90 mm
???????????? 5.24??? 
? ?????????????? 5.25??? 52 × 52 × 31 mm?????a?????????? 45 
mm/day?c?????????? 53 mm/day??????????????? 80.0 ℃????? 20.5 ℃?
 
? 5.23 ?????????????????????? 
???? ??????? KDP??????? 
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? ?????????????? 5.26????? 5.24?????? a??b???????????

















? ????????????????????? 5.24 ?????????????? 10 %????
??????? 50 mm/day ??????????????????????????????? 50 
mm/day????????????????????????????????????? 30 mm/day
???????????????????????????????????????? 25 %???
?????????? 5.25????????? 25 %??????????? 70 mm/day?????
?????????????????????????? 70 mm/day??????????????
 
? 5.24 ?????? KDP?? 
? ? ?  ?????? 8 × 8 × 8 mm   
? ? ?  ???62 × 62 × 40 mm  

















































? 5.26? ????????????????????? 
 
? 5.25? 53 mm/day??????? KDP? ?  
? ? ? ? ?? 52 × 52 × 31 mm   
? ? ? ? ????????????? 
? ? ? ? ??????????? 
???? ??????? KDP??????? 
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?????????????????????????????????????????????





































? 5.27? KDP???????????????????? 
 
     ? 5.28 ?????????????????? 
???? ??????? KDP??????? 
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?? ? ? ??????????????? [38]?
? ?????????? KDP????????????????????? 2 mm/day??????
?????????????????????????????????????????????
????????? 5.29??????????????? 5.24???? 6 cm??????????
??????? 62 ?62?10 mm???? Z??????? c?????????????????

























?? ? ? ? ?????
? ???????????????? 5.30?????????? 5 mm?????????????
?????????? (a)?????? 350 nm ????????????????????? (b)?
400 nm ??????? (c) ? 450 nm ?????????????????????????? 285 
nm???????????????????(a)? 0.02 cm-1??????????????????
(b)? 0.05 cm-1???????(c)? 0.94 cm-1????????950?1250 nm????????????
?????????????????????????????????????????????
? 5.29? ??????????????? 
 
???? ??????? KDP??????? 
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?????????????????????????? 3 mm????? 5.31?????????









































? ? ? ? ? 5.30? KDP?????????? 
? ????? a?b?c???????????????? 
 












































Position of Y-direction [mm]  
? 5.32? ????? 285 nm????????? 
 
???? ??????? KDP??????? 
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pH4??????????? KDP????pH4? pH3???????????????? KDP??
?????????????????????????????????????????????
??????????????? ICP( Inductively Coupled Plasma ) ???????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?? 5.33 ?????????????? 5.3 ????????(a)?(g)??????????????




























? ?????????????????????????? ppm? Na?????????????
? KDP??? 110 ppm?? Na?????????????????Na ????????????
?????????????????????????????????????????????
 
? 5.33  KDP?????????????????? 
? 5.3? KDP?????????? 
 
???? ??????? KDP??????? 
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?????????????????????????????????????Fe????Al??
??Cr ????? ppm ????????????????????? Al ????Cr ??????
6.5 ppm?????????????????a?b???????????c???????????
?????? Al????Cr????????????????????????????Al???




???????? 3.9ppm?2.9 ppm?pH4?? 10 ppm?????????????????????
?????????????????????????????????????????????














?? ? ? ? ??????
? ?????? SHG (Second Harmonic Generation) ??????? 1053 nm Nd:YLF????????
????????????????????????? Type??????????????????
?????????????? 1.6 mm???????????????? 10 mm??? 5????
??????????????? d36???????? Δθ1/2?????? θpm??????????
?? d36?????????????[43]????? 5.4????? 







? 5.4 ?????? SHG??????? 
 
???? ??????? KDP??????? 
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?? ? ? ? ??????????
? ?????????????????? 1064 nm????? 1 ns???????? Nd:YAG???
????????????????????? 35 mm ?????????????????? c ?
??? 5mm????????????????????? l/2?????????????????
????????????????????????????? 15.6?2.3 J/cm2?????????
??????? 1.8?1.4 J/cm2???????? 4.3?1.4 J/cm2??????????????????
?????????????? 
 
?? ? ? ? ??????????????





???????? 453 K?????????????????? 428 K? 448 K?????????
?????????????????????????????????????????????
?????????????????????????????????????????????
? 8 K/hour ?????????????????????????????????????? 5.34
????? 
? 428 K? 5???448 K? 48???????????????????????????????












? ? ? ? ? 5.34? ???????????????????? 
???? ??????? KDP??????? 
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??????????? 15.6 J/cm2???????? 19.6 J/cm2????????????? 448K?




? ??????????????????????????????????? 5.5 ???????



































? ? 5.35? ???????????????????? 
? ? ? ? (?) ??????????? (??) ????????????? 
? ? ? ?  ??????????????????????? 
???? ??????? KDP??????? 







?? ? ? ? ?????????

























?? ? ? ? ??????????????????[50, 51] 
? TGS (Tri-Gycine Sulphate, (H2NCH2COOH)3 H2SO4)????????????????LiNbO3???
?????????????????????? dLATGS ???????????(L-?-Alanine, 
CH2CH8NH2)COOH)????????????????????????????????????
?????????????????????????????????????????????
? 5.6? ??????????????? KDP??????????? 
 
???? ??????? KDP??????? 
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?????[52-56]? 
? ???????????????????? 11,????10%dLATGS ??????????10%?
???????? TGS ???????? 63.4?????????? 22?????????????
??????????????? 0.2?1.3?/?????6???? 5.36??? 70?60?60mm???
??????? 4?8?2mm/?(40g/?)????????????????????????????




















???????? 60 ?????[53]?2.8 mm/day ?????? 57.8 ??3.0 mm/day ??????












? 5.36? ????????? 10%dLATGS?? 
 
? 5.37? ????????? 
? ? ? ? ?????? 
 
? 5.38? ??????????????? 
? ? ? ? ???????????? 
? ? ? ? ????????? 
???? ??????? KDP??????? 
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?? ? ? ? ? ?????????[59]?
? KAP (Potassium Acid Phthaiate, C6H4COOHCOOK)?????? a=0.6561 nm, b=0.960 nm, c=1.3315 nm
?????(010)???? P21ab??????????? mmm??????? 0.23?2.54 nm?? X?
????????????????[60-63]? 
? ???????????????????? 11, ????????????????? 55.1????
?? 20?????? 22???????????7???? 5.39?????? 87?47?46 mm???
??????? 5.1?5.7?2.8 mm/?(27.7 g/?)?????????????????????????































? 5.39? ????????? KAP?? 
? 5.7 ????????????????????????? 
 
???? ??????? KDP??????? 
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?? ???????????







????????????Visual Basic ????????????????????????? KDP
??????????? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?  
?




?????????????? N???? e????? µ???????????????????? 
 
   
! 




? ? ? ?  
! 
KH2PO4 "K + +H2PO4#  ? ? ?  (5.32) 
? ? ? ?  
! 
H2PO4" #H + +HPO42"  ? ? ? ? (5.33) 
? ? ? ?  
! 
HPO42" #H + + PO43"  ? ? ? ? ? (5.34) 
 





"S = e K +[ ]µK + H2PO4#[ ]µH2PO4#( )     (5.35) 
 
?????????????????????????????????????????????
???????????????? [K+]? [H2PO4-]? (5.32)?????? KDP ?????????
??????????????? KDP ???????????????????????????
???????????????????????? 
? ????????????????? Onsager ??(5.36)??????????????????
?[71, 72]??????????????????Cm???[mol/?]???? 
???? ??????? KDP??????? 
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! 




? ? ? ?
! 


















? ? ? ?
! 
" = "S #103 /Cm ? ? ? ? ? ? ? ? ? ? (5.38) 
 
??????? Cm???? S [g/100gH2O]?????? 
 
? ? ? ?
! 
Cm = S 136.1( ) "10 " #V ? ? ? ? ?  ? (5.39) 
 
????????136.1? KDP?????????V???????????(5.36) (5.37) (5.38)???
???????????????? S??????????????????? 
 
? ? ? ?
! 
"S = f1# S $ f2 # S1.5? ? ? ? ? ? ? ? ? (5.40) 
 











???????????(5.40)????????????????f1,  f2?????????f1,  f2??
????????????? f1,  f2?????????????????????????????




?? ? ? ??????????




??????????????? 28.5 K????? 5?????????????????????
? DP1350??????????????????????ACT???????ES-12??????
???? ??????? KDP??????? 























???????????? f1,  f2??????????????????????????????
??????????p1,  p2,  q1,  q2?????????????????????? 5.8???? 
 
                 
! 
f1 = p1" T + q1? ? ? ? ? ? ? ? ?  ? (5.41) 
                 
! 








??????? pH?? 3.2?4.2?5.2 ?????????????????????? 5.42????
?? T ?????? CT??????????R ??????Co?????[g/100g.H2O]?ΔΕ ???
?????? [kJ/mol]???? 
 




? 5.41? ????????????f1, f2?????? 
???? ??????? KDP??????? 
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? ? ? ? ? ? ? ? ? ? ? ? ? ?
! 
CT = C0 exp "#E RT( )? ? ? ? ?     (5.43) 
 
KDP???????????????????????????? 99.9?????????????
????????????? Co? ΔΕ???????????????pH?? 3.2?4.2?5.2???












?? ? ? ?????????????





???????????????? pH? 3????????? 72.5 ℃???? 2.3 ℓ?????0.1 μm
???????????????? 28.5 ℃????? 5??????????????? 8 × 8 × 8 mm














? 5.42? KDP????????? 
? 5.9? KDP???????????? 
 
 
? 5.43? KDP??????????? 
???? ??????? KDP??????? 







































? 5.44? ????????????????? 
? ? ? ? ?????????????????????? 
 
? 5.45? ????????????? 
???? ??????? KDP??????? 




























 ?????????????????? 10 %?25 %? 62 × 62 × 40 mm ? KDP?????????
? a? 24 mm/day ?c? 30 mm/day?????????????????????????????
? 25 %?28 %?????????? a? 45 mm/day?c? 53 mm/day????????????? 
? ??????? KDP ??????????????????????????????????
??????????????????????????????? KDP ???????????
????????????????????? 1.8?1.4 J/cm2????????? 4.3?1.4 J/cm2???
??? 1064 nm????? 1 ns??????????448 K? 53 ????????????????
???????????????????????????????????? 15.6 J/cm2?????
?? 19.6 J/cm2???????????????? 
? ????????????????????????????????????????????
 
? 5.46? ????????? KDP???66?60?40 mm? 
???? ??????? KDP??????? 
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10%???????????????????????????????? 66 × 60 × 40 mm????
?????????? a? 13 mm/day?c? 17 mm/day ?????? 
? ???????????????????? KDP?KD*P ??????????? 10 ?????
??????????????????????????????? TGS?Tri-Gycine Sulphate???
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???? ?????? KDP??(pKD*P)??? 
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???? ?????? ??? ????????? ??? ?
? ? ? ?







??[1, 2]??????????????????????????????KDP ??? KD*P




-BaB2O4?? LBO?LiB3O5??????????????? BBO?LBO ???????????
????? 3cm?3cm?????????????? 







?? ? ??????????????????????????????????? 




no2 = 2.259276 + 0.01008956/(λ2 - 0.012942625) + 13.005522λ2/(λ2 - 400)  (6.1) 
ne2 = 2.132668 + 0.008637494/(λ2 - 0.012281043) + 3.2279924λ2/(λ2 - 400) (6.2) 
KD*P 
no2 = 1.9575544 + 0.2901391/(λ2 - 0.0281399) - 0.02824391λ2 +0.004977826λ4  (6.3) 
ne2 = 1.5005779 + 0.6276034/(λ2 - 0.0131558) - 0.01054063λ2 +0.002243821λ4 (6.4) 
 
????λ ? µm ??????????pKD*P ?????????? n2-1 ?????? x???
????????????????????????? npKD*P(x)???(6.5)??????[3]? 
 
???? ?????? KDP??(pKD*P)??? 
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 npKD*P(x)2 = x nKD*P2 + (1- x) nKDP2 (6.5) 
 

























































? ??????????????????????????? 6.1 ?????????????
?? 6.3 ??????????????????????????????? p?s?i?????
????????????????????????????????? a?????????
? 6.2? KD*P, KDP, ???? pKD*P 
       ??? SHG??????? 
? ? ?  ?????????? 
 
? 6.1? ??????????????????(?? 
? ? ?  ? pKD*P??????????????? 
      ?? [3]? 
 
???? ?????? KDP??(pKD*P)??? 





????????????? 6.1 ?? 6.2 ??????????????????pKD*P ???
????????????????????????????????? 527nm???????
????????????????????????????????? 6.3 ????????
[6]??????????????????????????? 1.2 ??????????60 %?





























? 6.3? ?????????????????????????????  
????? 527nm?????????????????????
??????  ??????? 
    ?????????????????????????  
 
???? ?????? KDP??(pKD*P)??? 
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?? ? ? ????????????????
? ???????????????????????????????????????????
????????????[8-13]????????? 1.67 µm???? OH ??????????
???????? ????? 12?????? 1.67 µm??????? KDP ?????????
??????????????? KDP ???????????????????KDP ? KD*P
???? 0.5042 g?0.8066 g?0.8066 g???KDP? KD*P????????????????






















?         ????? [%]  =  [D] / ( [D] + [H] ) ? 100       (6.7) 
 
????? 40℃??????? 5.0??10.0??14.5??21.2??24.6??29.4??41.8??44.9??
48.2??57.6??69.1?? 11 ?????????????????? 300 ??????? 500 ?




????????? 44℃? 64℃???????? 30.0??50.0??80.0???????????
? 6.4? pKD*P???????????????? 1.67μm?????? 
???? ?????? KDP??(pKD*P)??? 
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?????300 ??????? 500 ???????????????????????????






?? ? ? ????????????




????????????????? 90%??????? C.Belouet ?????[7]??????
6.5 ?????????????????????????????? 80 %?????????
?????????? 






















Deuterated ratio of mother solution ?%?
Natural temperature decrease 
without control
Different crystallization condition
C. Belouet et al.  [7]
 
? 6.5? ???????????????? 
? ? ? ?  ???????? 
 
? 6.6? ?????????????? 
   ???????????? 
???? ?????? KDP??(pKD*P)??? 













50 %???????? 30 %?????????????????????????? 44 ????
????? 64 ????????????????????????????????????
























? 6.7? ????????????????????????????????? 
???? ?????? KDP??(pKD*P)??? 
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????????????????Pl??????????Ps????Pl?Ps?????[D] / ( [D] 
+ [H] )?100 %??????? 
? KDP???KDP?????????? ???????????=1????????????
????(1 - Pl)(1 - Ps) ?????? 
? KDP???KD*P?????????? ????= A ??????????????????? 
A(1 - Pl)Ps ?????? 
? KD*P???KD*P?????????? ???????????=1???????????
?????PlPs ?????? 
? KD*P???KDP?????????? ????= B ????????????????????






" 1" 2Pl 1" B( )[ ] + 1" 2Pl 1" B( )[ ]
2
+ 4 2 " A " B( )Pl " 1" A( )BPl[ ]
2 1" A( ) Pl " 1( ) + 1" B( )Pl[ ]

















??????????? 30.7 ?????? 1 ℓ??????? 20.1 ??????? 2 ??A?7 × 
5 × 2 mm?B?5 × 14 × 2 mm?????25 ????????????????????????
???????????????????A?15 × 15 × 35 mm?B?27 × 27 × 35mm??????
??????? 6.8 ??????????????????????????????????
5mm ??? c ?????????????????????????????????????
???? ?????? KDP??(pKD*P)??? 
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?? ? ???? ? ????? ??????
?? ? ? ????? ???????
? ?? 1053nm????????????????????????????????? 13??
pKD*P???????????????????? J. Min-hun ???????????????
????????????????????????????? 13?????????????
?? 100℃????????????????[17]??????? 60℃?? 30℃???????
???????????????????????????????????????????
?? 
? 4??????????????? 13 %pKD*P??????????? 23 %???????
??????????????????? 23 %??????????????????????
???????????? 13 %pKD*P ?????????????????????????
????????????? 5 ??????????????? 20 ????????????
???????????????????????????????????????????







? 6.8? ????????????? 
???? ?????? KDP??(pKD*P)??? 












?? ? ? ????? ?????????????
? ????????? pKD*P???????????????????????? pKD*P??
????????????????????????? 11?????? 
?
?? ? ? ????? ??????


















? ???????????????? 13?????????? 23??? 6.5?????????




? 6.9? 13 %pKD*P???????? 
 
                    ? 6.10? ??????? 
???? ?????? KDP??(pKD*P)??? 
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? ??????????????????????? 2 mm/day ???????????? 40 ?
?? 6.11???????????????????????? 9.0 × 9.2 × 11.1 cm???????
2.2 mm/day??????????????????????????????????????
???????? 13.3 ± 0.7 ??????????????????????????????















? ?.? ????????????????????????????????????? 
? ?.? ???????????????????????????????????? 
? ?.? ???????????????????????????????????? 
 
???????????? pKD*P????????????????????????????
?? ±1 %???????????????? 
? ??????????????10cm? 13?pKD*P??????????????? 40 ???
9.0 × 9.2 × 11.1 cm??????????????????????2.2 mm/day ????????
?????????? KDP ???????????????????????????????
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???? ?? ??
 





? ?????????? YAG ???????????????????????????????
??????????????????????????????????????????? YAG
??????????????????????????????????????? 
??YAG ???????? Y ???????Al???????????? pH ?????????
?????????????????????????????????????? Y ? Al ?
????????????????????????????????????? pH? 6.2???






?????????????????????? 15 ????? 50 ?????????????















?? 200 nm? YAG???????????????????????????? 100 ?/h????
? 1750?????? 40?????? 10-3 Pa??????????????????? 10 ~ 30 µm?
??? ?? 
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??????????????????????????????? 83.9 %??? 1200 nm????
? Yb:YAG?Ce:YAG???? YAG?????????? 
 
????









??5 mol%?10 mol%?20 mol% ???? Yb?? YAG?????????????? Yb????
????????????????????????????????????20 mol%Yb:YAG
????????????? Yb???????????????? 















??? Cr/Nd:YAG? Ce/Cr/Nd:YAG???? YAG????????????????????
??????????????????????????? 
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????
? ??????? KDP?KD*P???????????????????????????????





???????????????????? 10 %?25 %? KDP????????????????
??????????????? 62 × 62 × 40 mm????????? a? 24 mm/day ?c? 30 
mm/day?????????????????? 25 %?28 %?????????? a? 45 mm/day?
c? 53 mm/day????????????? 
????????? KDP ?????????????????????????????????
???????????????????????????????????????????
????????? 13 ppm????????????????????????????? 285 
nm??????? 0.94 cm-1????????????? 
????????? KDP???????????????????????????????? 1.8
?1.4 J/cm2????????? 4.3?1.4 J/cm2?????? 1064 nm????? 1 ns???????
???448 K? 53 ???????????????????????????????????
????????????????? 15.6 J/cm2??????? 19.6 J/cm2??????????
?????? 
?????????????????????????????????????????????
? 10%???????????????????????????????? 66 × 60 × 40 mm?
????????????? a? 13 mm/day?c? 17 mm/day ?????? 
??????????? TGS?Tri-Gycine Sulphate???KAP?Potassium Acid Phthaiate??????
??????????????????????????????????  










??????????????????????? ± 0.7 ????????????????????
????? 13.0 %???????????? 13.3?0.7 %??????????????????
??? ?? 
- 156 - 
9.0 × 9.2 × 11.1 cm???????? c? 2.2 mm/day????? 
? ??????????????????? pKD*P????????????? 
 
? ??????????Yb:YAG ??????????????????????????????
KDP ? pKD*P ??????????????????????????????????????
?????????????????????????????????????????????
??????????????????????????????????? 
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????????????????????????????????????????? ?  
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? ???? Cr3+????? Nd3+????????????????? 9.1 ????????????
?????? N?R??? A????????????????????????????????
???????? Cr ? Nd ???Cr3+? Nd3+?????? 0?3 ????????????????
????0, 1, 2, 3??????????????????NC2?Cr3+(4T1)?NC1?Cr3+(2E)?NC0?Cr3+(4A2)?
NN3? Nd3+(4S3/2, 4F5/2)?NN2? Nd3+(4F3/2)?NN1? Nd3+ (4I11/2)?NN0? Nd3+(4I3/2)???????????
?????????? Nd3+???????????????????????RN03=0?????NN2?
























dt = "(ACr10 + Pda)NCr1 + ACr21NCr2
NCrT = NCr0 + NCr1 + NCr2





? 9? Cr3+????? Nd3+??????????????? 
?? 




dt = PdaNCr1 " ANd32NNd3
dNNd2
dt = "(ANd21 + ANd20)NNd2 + ANd32NNd3
dNNd1
dt = "ANd10NNd1 + ANd21NNd2
NNdT = NNd0 + NNd1 + NNd2 + NNd3






Pda R( ) =
C n( )
Rn  (9.4) 
 
???R??????????????????C(n)? microscopic interaction parameter???????
????????????1 cm???????????????????n???????dipole-dipole?
dipole-quadrupole?quadrupole-quadrupole???????? 6? 8? 10????Cr3+(2E)??Nd3+(4S3/2, 4F5/2)

























































AC10* = AC10 /" = AC10 /(
1
1+ (CCr /CCr0)2

















1+ ACr10Pda + ACr10
(CCr /CCr0)2












           (9.12) 
 
????β ? NCr1???????????? ACr10+Pda???? ACr10???????????????? 
 







<1                                              (9.13) 
 
? ????????????????????????????????NCr1<<NCr0??NCr1????
1014 /cm3????????? Nd3 +???????? 1.40?1020 /cm3???????????????
??? Cr3+??????? Nd3+?????????????????Pda?? Nd–Nd???????
??????????????????? Pda?Cr3+??????????????????????
???? 




















       = # k  CCrNCrT1+ (CCr /CCr0")2




" k = kANd21 + ANd20
Pda
Pda + ACr10
     (9.16) 
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??? KAP???
? ???????????????????????????????????????? 11.3 ??
?????????????? 11.3?????????????????????????????
???????????????????????????????? f1? f2??????????





























?????????? 12? 99.9 %???ISOTEC??3 m????(2~6)? KDP(7~11)???????
1.1 μm?? 1.8 μm??????????????????????? JIR-WINSPEC30??????
??????????????????? KDP ???????????????????????
?????????????????????????? KDP ?????? H ?????????
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? ????????? pKD*P????????????????????? 13 %?99.8 %????
????? KDP ???????pKD*P ???????????????????????????
?????????? 6.10?????????? 30 ??40 ??50 ??60 ??70 ???????
????????????????????? 13.1??????????????????????
(6.8)?(6.12)??????????????????????????????x?y?????????
???????R?????????????????????????????? 60 %?70 %?80 %
???????????????????????????????????????? 13.2???
? 12? ??????KDP????????????????????? 
?? 
- ?? 31 - 
??? 
 
? ? ? ? ? ? ?  30 ??y = 27.457 + 0.15984x   R= 0.99997? ?  ?  (13.1) 
? ? ? ? ? ? ?  40 ??y = 32.938 + 0.18605x   R= 0.99999     ?  (13.2) 
? ? ? ? ? ? ?  50 ??y = 39.542 + 0.21607x   R= 0.99999     ?  (13.3) 
? ? ? ? ? ? ?  60 ??y = 47.521 + 0.25032x   R= 1          ?   (13.4) 















       60 % :  
! 
y =1.6012 "104 exp #1844.4 273+ x( )( )     R=0.9935  (13.6) 
       70 % : 
! 
y =1.6027 "104 exp #1831.6 273+ x( )( )     R=0.99938  (13.7) 
       80 % : 
! 






? 13.2? ????? 60 %?70 %?80 %?????? ? 13.1? ?????????????? 
